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Various  calcium  phosphate  based  coatings  have  been  evaluated  for  better  bony  integration  of  metallic 
implants  and  are  currently  being  investigated  to  improve  the  surface  bioactivity  of  polymeric  scaffolds. 
The  aim  of  this  study  was  to  evaluate  the  role  of  calcium  phosphate  coating  and  simultaneous  delivery 
of  recombinant  human  bone  morphogenetic  protein-2  (rhBMP-2)  on  the  in  vivo  bone  regeneration  capac¬ 
ity  of  biodegradable,  porous  poly( propylene  fumarate)  (PPF)  scaffolds.  PPF  scaffolds  were  coated  with 
three  different  calcium  phosphate  formulations:  magnesium-substituted  p-tricalcium  phosphate  (p- 
TCMP),  carbonated  hydroxyapatite  (synthetic  bone  mineral,  SBM)  and  biphasic  calcium  phosphate 
(BCP).  In  vivo  bone  regeneration  was  evaluated  by  implantation  of  scaffolds  in  a  critical-sized  rabbit  cal¬ 
varial  defect  loaded  with  different  doses  of  rhBMP-2.  Our  data  demonstrated  that  scaffolds  with  each  of 
the  calcium  phosphate  coatings  were  capable  of  sustaining  rhBMP-2  release  and  retained  an  open  porous 
structure.  After  6  weeks  of  implantation,  micro-computed  tomography  revealed  that  the  rhBMP-2  dose 
had  a  significant  effect  on  bone  formation  within  the  scaffolds  and  that  the  SBM-coated  scaffolds  regen¬ 
erated  significantly  greater  bone  than  BCP-coated  scaffolds.  Mechanical  testing  of  the  defects  also  indi¬ 
cated  restoration  of  strength  in  the  SBM  and  p-TCMP  with  rhBMP-2  delivery.  Histology  results 
demonstrated  bone  growth  immediately  adjacent  to  the  scaffold  surface,  indicating  good  osteointegra- 
tion  and  osteoconductivity  for  coated  scaffolds.  The  results  obtained  in  this  study  suggest  that  the  coated 
scaffold  platform  demonstrated  a  synergistic  effect  between  calcium  phosphate  coatings  and  rhBMP-2 
delivery  and  may  provide  a  promising  platform  for  the  functional  restoration  of  large  bone  defects. 

©  2015  Published  by  Elsevier  Ltd.  on  behalf  of  Acta  Materialia  Inc. 


1.  Introduction 

In  both  military  and  civilian  populations,  treatment  of  large  seg¬ 
mental  bone  defects  remains  an  unsolved  clinical  challenge,  despite 
a  wide  array  of  existing  bone  graft  materials.  The  synthetic  bone 
graft  strategies  used  to  treat  large  traumatic  defects  usually  consist 
of  a  combination  of  osteoconductive  scaffolds  that  provide  mechani¬ 
cal  stability  and  deliver  osteoinductive  growth  factors  to  recruit 
osteogenic  cells  to  induce  regeneration.  These  scaffolds  should 
mimic  bone  morphology,  structure  and  function  in  order  to  optimize 
integration  into  surrounding  tissue.  Bone  is  a  structure  composed  of 
hydroxyapatite  ciystals  deposited  within  an  organic  matrix 
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consisting  of  ~95%  type  I  collagen  [  1  ].  Morphologically,  bone  is  com¬ 
posed  of  trabecular  bone  which  creates  a  porous  environment  with 
50-90%  porosity  and  pore  sizes  of  1  mm  in  diameter  with  cortical 
bone  surrounding  it  [2],  In  terms  of  bone  architecture  and  com¬ 
position,  porous  structural  scaffolds  with  osteoconductive  surfaces 
loaded  with  growth  factors  are  suitable  platforms  to  optimize  accel¬ 
erated  functional  bone  regeneration.  Mechanical  strength  is  an 
important  property  of  scaffolds  being  considered  for  the  replace¬ 
ment  of  load-bearing  bone.  Scaffold  mechanical  properties  are 
strongly  influenced  by  internal  architecture  and  must  be  carefully 
designed.  Many  porous  ceramic  scaffolds  produced  to  date  have 
exhibited  strengths  in  the  range  10-30  MPa.  The  mechanical 
strengths  of  human  trabecular  bone  in  proximal  tibia  and  distal 
femur  have  been  reported  to  be  in  the  range  of  1.8-63.6  and  413- 
1516  MPa,  respectively  [3].  By  manipulating  overall  porosity,  the 
strength  can  be  adjusted  to  match  site-specific  requirements. 


Report  Documentation  Page 

Form  Approved 

0MB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  0MB  control  number. 

1 .  REPORT  DATE  2.  REPORT  TYPE 

01  MAY  2015  N/A 

3.  DATES  COVERED 

4.  TITLE  AND  SUBTITLE 

Effect  of  calcium  phosphate  coating  and  rhBMP-2  on  hone  regeneration 
in  rahhit  calvaria  using  poly(propylene  fumarate)  scaffolds 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Dadsetan  M.,  Guda  T.,  Runge  B.  M.,  Mijares  D.,  LeGeros  R.  Z.,  LeGeros 

J.  P.,  Silliman  D.  T.,  Lu  L.,  Wenke  J.  C.,  Brown  Baer  P.  R.,  Yaszemski  M. 

J., 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

United  States  Army  Institute  of  Surgica;  Research,  JBSA  Fort  Sam 
Houston,  TX  78234 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF:  17.  LIMITATION  OF 

18.  NUMBER  19a.  NAME  OF 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE  SAR 

unclassified  unclassified  unclassified 

12 

Standard  Form  298  (Rev.  8-98} 

Prescribed  by  ANSI  Std  Z39-18 


10 


M.  Dadsetan  et  ai./Acta  Biomaterialia  IS  (2015)  9-20 


Changes  in  macroporosity  have  been  shown  to  affect  mechanical 
properties  more  than  changes  in  microporosity. 

Poly( propylene  fumarate)  (PPF)  is  a  photo-cross-linkable  or 
chemical  cross-linkable  polyester  that  has  been  studied  exten¬ 
sively  for  treatment  of  bone  defects  either  as  an  injectable  in  situ 
curing  material  [4,5]  or  as  preformed  scaffolds  [6-10],  Preformed 
scaffolds  with  high  porosity  allow  bone  ingrowth  while  providing 
the  structural  support  required  for  stability  and  space  maintenance 
during  the  treatment  of  segmental  bone  defects.  Scaffolds  with 
very  complex  3-D  architectures  and  predetermined  size,  shape 
and  porosity  can  be  fabricated  using  solid  freeform  fabrication 
(SFF)  through  computer-aided  design  (CAD)  [8,9,11,12]. 

PPF  is  particularly  suited  for  these  applications  because  of  its 
mechanical  properties  and  has  previously  been  optimized  for  rapid 
prototyping  by  UV  laser  stereolithography  [8[.  The  creation  of 
functional  composite  scaffolds  that  mimic  the  bone  extracellular 
matrix  by  pairing  polymeric  matrices  with  bioactive  coatings  has 
been  shown  to  direct  biomineralization  and  stimulate  cell  adhe¬ 
sion,  proliferation  and  differentiation.  Specifically,  hydroxyapatite 
and  other  calcium  phosphate  coatings  have  been  studied  exten¬ 
sively  to  better  integrate  biomaterial  implants  with  bone  for  appli¬ 
cations  such  as  hip  replacement  [13,14],  dental  implants  [15,16] 
and  screws  for  fracture  fixation  [17,18],  These  coatings  provide  a 
bone-like  mineral  matrix  that  simulates  the  in  vivo  bone  environ¬ 
ment  [19],  and  are  a  prerequisite  for  the  attachment  of  osteoblasts 
and  possibly  drive  osteogenic  differentiation  of  adult  stem  cells. 
Calcium  phosphate  coatings  adsorb  many  proteins  and  other 
macromolecules,  leading  to  a  biological  layer  that  favors  cell 
attachment  and  osteogenic  differentiation.  Additionally,  it  has 
been  shown  that  the  osteoinductive  efficacy  of  recombinant 
human  bone  morphogenetic  protein-2  (rhBMP-2)  can  be  enhanced 
when  incorporated  with  calcium  phosphate  coatings  [11,20,21], 
Thus,  the  application  of  calcium  phosphate  coatings  on  the  surface 
of  porous  polymeric  scaffolds  may  allow  for  increased  osteocon- 
ductivity  and  potentially  improved  osteoinductivity  with  the  deliv- 
eiy  of  suitable  growth  factors,  allowing  for  improved  bone 
regeneration  in  vivo. 

In  this  study,  the  effect  of  three  calcium  phosphate  coating 
materials  on  3-D  PPF  scaffolds  loaded  with  different  doses  of 
rhBIVIP-2  have  been  characterized  in  vitro  and  evaluated  in  vivo 
for  their  bone  regeneration  potential.  To  the  best  of  our  knowledge, 
there  is  no  study  on  the  effect  of  these  calcium  phosphate  formula¬ 
tions  on  in  vivo  osseointegration  of  coated  polymeric  implants.  The 
three  calcium  phosphate  coating  formulations  selected,  magne¬ 
sium-substituted  p-tricalcium  phosphate  (p-TCMP),  carbonate 
hydroxyapatite  (synthetic  bone  mineral,  SBM)  and  biphasic  cal¬ 
cium  phosphate  (BCP),  each  has  unique  properties  that  promote 
osseointegration  and  bioactivity  both  in  vitro  and  in  vivo  [22,23], 
Incorporation  of  Mg  in  the  p-TCMP  formulation  provides  stability 
to  the  Ca-P  bond  similar  to  biological  systems,  reflected  in  the 
resistance  of  this  coating  to  hydrolysis  [24],  Mg  appears  to  stabilize 
the  beta-tricalcium  phosphate  (p-TCP)  structure  due  to  increased 
electrostatic  bonding  of  Mg-0  compared  to  Ca-0.  Synthetic  bone 
mineral  (SBM)  mimics  the  mineral  phase  of  natural  bone, 
described  as  carbonate  apatite  [22,25],  This  coating  includes 
Mg^*  and  Zn^’^  ions  that  are  shown  to  suppress  osteoclastic  resorp¬ 
tion  in  vitro  and  promote  osteoblastic  activity  (bone  formation) 
in  vitro  and  in  vivo  [26],  Biphasic  calcium  phosphate  (BCP)  consists 
of  an  intimate  mixture  of  hydroxyapatite  (ITA)  and  p-TCP,  with 
varying  HA/p-TCP  ratios.  BCP  is  a  promising  biomaterial  for  bone 
reconstruction  that  supports  osteogenesis  [23,27,28],  The  BCP  used 
in  this  study  includes  HA  and  p-TCP  at  a  ratio  of  80:20. 

In  this  study,  by  combining  a  porous  scaffold  of  PPF  that  pro¬ 
vides  mechanical  stability  with  three  unique  calcium  phosphate 
coatings  and  rhBMP-2  at  three  doses  (0,  50  and  100  pg  per  scaf¬ 
fold),  the  objective  was  to  evaluate  which  coating  and  at  what 


growth  factor  dose  functional  bone  healing  in  a  rabbit  calvarial 
model  could  be  achieved  over  6  weeks. 

2.  Methods 

2.1.  PPF  synthesis  and  scaffold  fabrication 

All  reagents  were  purchased  from  Aldrich  and  used  as  received 
unless  otherwise  noted.  PPF  (Mn  =  1900,  PDI  =  1.96)  was  synthe¬ 
sized  from  diethyl  fumarate  (DEF)  and  1,2-propanediol  catalyzed 
by  ZnCb  according  to  previously  published  methods  [29],  PPF 
was  dissolved  in  DEF  at  a  ratio  of  60:40  (w/w)  by  heating  at 
50  °C  until  completely  dissolved.  1.5wt.%  of  the  photoinitiator 
bisphenyl(2,4,6-trimethylbenzyol)  phosphine  oxide  was  added  to 
the  resin.  Cylindrical  3-D  PPF  scaffolds  with  dimensions  of 
15.2  mm  diameter  x  2.5  mm  height  were  fabricated  using  a  Viper 
si2  stereolithography  system  (3D  Systems,  Valencia,  CA)  using 
parameters  determined  in  previously  published  procedures  [8], 
After  fabrication  scaffolds  were  washed  with  3  ml  acetone  and 
extensively  with  ethanol  to  remove  excess  resin  before  post-curing 
in  a  UV  chamber  (3D  Systems,  Valencia,  CA).  PPF  scaffolds  were 
extracted  by  Soxhlet  extraction  with  tetrahydrofuran  for  48  h. 

2.2.  Calcium  phosphate  coatings 

p-TCMP  and  SBM  were  coated  on  PPF  scaffolds  in  a  chemical 
bath  using  a  precipitation-type  method.  In  an  attempt  to  cause 
the  actual  occurrence  of  p-TCMP  on  the  surface  of  the  scaffold  in 
repeated  layers,  each  scaffold  was  immersed  in  refreshed  solutions 
for  10  min  of  solution  A  and  then  in  solution  B  for  ten  cycles  each  of 
A  and  B  (i.e.  a  total  of  100  min  in  solution  A  and  100  min  in  solution 
B).  Solution  A  consists  of  0.05  M  calcium  acetate  (Ca(C2H302)2)  and 
0.05  M  magnesium  acetate  (Mg(C2H302)2)  and  solution  B  is  0.05  M 
NaH2P04  shaken  for  10  min  at  60  °C.  After  10  cycles,  scaffolds 
transferred  into  a  mixture  of  solution  A  and  solution  B  (50:50,  v/ 
v)  and  aged  at  60  °C  for  4  days.  Aging  solution  was  refreshed  every 
24  h.  SBM  coating  was  performed  in  solution  A  containing 
0.0013  M  ZnCb,  0.0025  M  MgCl2-6H20  and  0.01  M  CaCb,  and  in 
solution  B  containing  0.0007  M  NaF,  0.01  M  NaHC03  and  0.005  M 
K2HPO4  under  the  same  conditions  described  above  for  p-TCMP 
coating.  Hence,  the  bonding  between  the  polymer  surface  and 
minerals  might  be  due  to  a  thin  layer  coating  mechanism.  BCP 
was  coated  on  scaffold  surfaces  with  pretreatment  of  the  scaffolds 
in  acetone  for  5  min  and  vortex  for  2  min  in  biphasic  calcium  phos¬ 
phate  with  an  HA/p-TCP  ratio  of  80:20. 

2.3.  Scanning  electron  microscopy  (SEM),  energy  dispersive  X-ray 
spectroscopy  (EDAX)  and  thermogravimetric  analysis  (TGA) 

To  examine  the  coating  morphology  and  composition  on  scaf¬ 
folds,  specimens  were  sputter  coated  with  Au/Pd  followed  by  imag¬ 
ing  using  a  S-4700  scanning  electron  microscope  (Hitachi-High 
Tech,  Toltyo,  Japan).  Samples  for  EDAX  were  mounted  onto  carbon 
double-sided  sticky  tape  and  left  uncoated.  Specimens  were  placed 
in  the  scanning  electron  microscope  which  was  operated  at  20  kV. 
Spectra  were  collected  at  a  magnification  of  5000  x  for  100  s  using 
a  System  SIX™  EDS  microanalysis  system  (Thermo  Noran, 
Middleton,  WI).TGA  was  performed  on  a  TA  Q500  thermal  analyzer 
at  a  heating  rate  of  5  °C  min  ’  from  5  to  800  °C  under  flowing 
nitrogen. 

2.4.  Porosity  measurement  with  micro-computed  tomography  ( micro- 
CT) 

Four  scaffolds  per  group  were  scanned  using  a  SkyScan  1076 
micro-CT  system  (Bruker-MicroCT,  Kontich,  Belgium)  at  8.87  pm 
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spatial  resolution.  The  reconstruction  thresholds  were  chosen 
using  the  Otsu  thresholding  algorithm  [30]  applied  across  all  the 
samples  to  minimize  error.  Morphometric  analysis  was  carried 
out  on  CT  images  using  CTanalyzer  v.  1.4  (Bruker-MicroCT, 
Kontich,  Belgium).  In  order  to  determine  scaffold  strut  organiza¬ 
tion,  traditional  histomorphometric  parameters  were  computed 
for  each  of  the  scaffolds  over  the  entire  3-D  volume.  The  parame¬ 
ters  computed  were  scaffold  volume  ratio  (SV/TV),  strut  thickness 
(St.  Th)  and  strut  spacing  (St.  Sp).  Additionally,  3-D  volume  models 
of  the  scaffolds  were  generated  from  the  micro-CT  scans  using 
Mimics  (v.  13.0,  Materialise  NV,  Leuven,  Belgium). 

2.5.  rhBMP-2  loading,  in  vitro  release  kinetics  and  biological  activity 

rhBMP-2  (Humanzyme,  Chicago,  IL)  with  the  weight  of  0,  50 
and  100  pg  per  scaffold  surfaces,  using  bovine  collagen  solution 
as  a  delivery  vehicle  for  implantation  in  rabbit  calvarial  defects. 
The  rhBMP-2  doses  were  chosen  based  on  a  previously  published 
paper  on  rat  femoral  defects  [31].  Briefly,  40  pi  bovine  collagen 
solution  (3mgml“’)  was  mixed  with  20  pi  of  rhBMP-2  solution 
(5mgml“')  in  a  sterile  centrifuge  tube  and  added  to  scaffolds. 
Scaffolds  were  placed  in  sterile  tissue  culture  plates  and  air-dried 
in  a  tissue  culture  hood  prior  to  implantation.  However,  for  studies 
of  loading  efficiency  and  release  kinetics,  a  dose  of  50  pg  was  used. 
The  controlled  release  kinetics  was  determined  by  incubating  the 
loaded  PPF  scaffolds  in  phosphate-buffered  saline  (PBS)  at  37  “C 
for  42  days.  The  media  was  collected  at  different  time  periods 
and  rhBMP-2  release  was  measured  using  an  ELISA  kit  (R&D 
Systems,  Minneapolis,  MN). 

The  biological  activity  of  released  rhBMP-2  was  assessed  using 
rabbit  bone  marrow  stromal  cells  (MSCs).  All  animal  surgery  in  this 
study  for  cell  isolation  was  performed  according  to  a  protocol 
approved  by  the  Mayo  Clinic  Institutional  Animal  Care  and  Use 
Committee  (lACUC).  Using  bilateral  ileac  crest  puncture,  MSCs 
were  hareested  from  2  month  old  New  Zealand  White  rabbits. 
When  the  cultures  were  85%  confluent  (~14  days),  the  cells  were 
released  from  the  dish  with  0.25%  trypsin-EDTA  and  replated  at 
250,000  cells  per  75  mm  plate.  MSCs  were  cultured  in  low-glucose 
Dulbecco’s  modified  Eagle’s  medium  (DMEM)  supplemented  with 
10%  fetal  bovine  serum  (FBS),  and  1%  penicillin/streptomycin.  For 
rhBMP-2  biological  activity,  MSCs  were  plated  at  a  density  of 
2  X  lO"*  cells  cm“^  on  24-well  tissue  culture  plates.  After  24  h  of 
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incubation  at  37  °C,  the  media  in  each  well  was  replaced  with 
osteogenic  media  supplemented  with  2  pg  mU’  of  either  exoge¬ 
nous  rhBMP-2  or  rhBMP-2  released  from  PPF  scaffolds.  The  alkaline 
phosphatase  (ALP)  activity  of  the  cells  in  the  presence  of  exogenous 
rhBMP-2  (control)  or  released  from  the  scaffolds  were  determined 
after  3  days  of  treatment.  The  ALP  activity  of  seeded  cells  at  desired 
time  points  was  measured  according  to  the  manufacturer’s  instruc¬ 
tions  (Sigma).  Briefly,  at  the  end  of  treatment,  the  cells  were  rinsed 
twice  with  PBS.  Alkaline  lysis  buffer  (0.3  ml,  0.75  M  2-amino-2- 
methyl-1 -propanol,  pH  10.3)  containing  p-nitrophenol  phosphate 
substrate  (2  mgmU’)  was  added  and  the  mixture  was  incubated 
for  30  min  at  37  °C.  To  stop  the  reaction,  0.3  ml  50  mM  NaOH 
was  added.  The  samples  and  standards  were  diluted  in  20  mM 
NaOH,  and  the  absorbance  was  measured  at  409  nm.  ALP  activity 
was  normalized  to  total  cellular  protein  which  was  determined 
by  the  Bradford  protein  assay  (Bio-Rad,  Hercules,  CA). 

2.6.  Rabbit  surgery  and  animal  care 

All  animal  surgeries  in  this  study  were  conducted  in  compliance 
with  the  Animal  Welfare  Act,  the  implementing  Animal  Welfare 
Regulations,  and  the  principles  of  the  Guide  for  the  Care  and  Use 
of  Laboratory  Animals.  To  assess  the  healing  potential  of  the  PPF 
scaffold  materials  with  three  different  calcium  phosphate  coatings 
(p-TCMP,  SBM,  BCP)  and  three  rhBMP-2  doses  (0,  50  and  100  pg),  a 
15  mm  critical-sized  defect  [32]  was  created  in  adult  female  New 
Zealand  White  rabbits  (n  =  10).  To  reduce  intraoperative  pain  and 
induce  a  surgical  plane  of  anesthesia,  buprenorphine  hydrochlo¬ 
ride  (0.03  mg kg^’),  ketamine  (35mgkg“')  and  xylazine 
(5  mg  kg“')  were  administered  intramuscularly  followed  by  isoflu- 
rane  (1-3%)  delivered  in  100%  oxygen  (flow  rate  3-5  1  min^’  for 
induction  and  1.5-1.75  1  min  ’  for  maintenance)  through  a  laryn¬ 
geal  mask  airway.  Following  general  anesthesia  induction  and  sur¬ 
gical  site  preparation,  a  midline  coronal  surgical  incision  was  made 
and  the  tissues  were  dissected  to  expose  the  calvaria.  Using  a  sur¬ 
gical  drill  with  a  trephine  supplemented  with  physiological  saline 
for  irrigation,  a  craniotomy  (15  mm  in  diameter)  was  prepared  in 
the  midline  of  the  calvaria  in  the  parietal  bones.  Coated  PPF  scaf¬ 
folds  were  inserted  into  the  craniotomies  according  to  the  experi¬ 
mental  plan  and  soft  tissues  were  closed  in  layers  with  resorbable 
3-0  sutures.  To  control  post-operative  pain  a  25  pg  h  ’  transder- 
mal  fentanyl  patch  was  affixed  to  the  shaved  dorsum  of  the  rabbit. 


SBM  BCP 


Fig.  1.  SEM  images  of  different  calcium  phosphate  coated  scaffolds  compared  to  the  uncoated  PPF  scaffold  show  a  rough  surface  for  coated  scaffolds  while  the  pore  structure 
remains  open  after  coating. 


12 


M.  Dadsetan  et  ai/Acta  Biomaterialia  IS  (2015)  9-20 


The  rabbits  were  recovered  and  sureived  for  6  weeks,  at  which 
time  the  calvarial  samples  containing  the  healed  defects  were  har¬ 
vested  post  euthanasia  and  fixed  in  10%  formalin. 

2.7.  Micro-CT  analysis 

Each  specimen  was  placed  on  the  scanning  platform  of  a  GE 
explore  Locus  micro-CT  (GE  Healthcare,  Wauwatosa,  Wl)  and 


360  X-ray  projections  were  collected  (80  kVp;  500  mA;  26  min 
total  scan  time).  Projection  images  were  preprocessed  and  recon¬ 
structed  into  3-D  volumes  (20  pm  resolution)  using  a  modified 
tent-EDK  cone  beam  algorithm  (GE  reconstruction  software). 
These  images  were  then  converted  to  a  bitmap  sequence  using 
Image]  1.44p  (US  National  Institutes  of  Health,  Bethesda,  MD). 
DataViewer  (Bruker-MicroCT,  Kontich,  Belgium)  was  used  to  rea¬ 
lign  the  bitmap  images  such  that  the  principal  axes  of  the  image 
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Fig.  2.  (A)  EDAX  shows  calcium  and  phosphate  peaks  on  the  surface  of  coated  scaffolds.  Calcium  phosphate  peak  intensities  on  p-TCMP  and  SBM  were  greater  than  on  BCP.  (B) 
TGA  confirmed  the  presence  of  minerals  on  PPF  scaffolds.  There  was  ~l-5%  mineral  on  scaffold  surfaces.  The  bottom  panel  is  a  blow  up  of  the  TGA  thermogram  (upper  panel) 
showing  the  weight  remaining  between  0  and  20%. 
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Uncoated  3-TCMP  SBM  BCP 


Uncoated 

BTCMP 

SBM 

BCP 

Bone  Volume/  Tissue  Volume 

BV/TV 

34.76  ±0.85 

40.17±2.16 

38.79  ±  1.58 

39.13  ±0.88 

% 

Trabecular  Thickness 

Tb,Th 

526.7  ±6.7 

529.4  ±  1.4 

504.6  ±  12.2 

541.4±  12.1 

\xm 

Trabecular  Spacing 

Tb.Sp 

484.7  ±  24.4 

353.6  ±20.7 

403.0  ±  18.9 

429.2 ±  II.O 

um 

Fig.  3.  Representative  micro-CT  cross-sections  showing  the  pore  architecture  of  the  PPF  scaffolds  without  coating  and  with  each  of  three  different  calcium  phosphate 
coatings.  The  p-TCMP  coating  alone  was  clearly  visible  in  micro-CT  images  as  bright  white. 


Table  1 

PPF  scaffold  porosity  and  architecture  measured  by  micro-CT  before  and  after  different  calcium  phosphate  coatings. 


Uncoated 

P-TCMP 

SBM 

BCP 

Scaffold  volume/total  volume  (%) 

34.8  ±0.8 

40.2  ±2.2 

38.8  ±1.6 

39.1  ±0.9 

Strut  thickness  (i^m) 

526.7  ±6.7 

529.4  ±1.4 

504.6  ±12.2 

541.4  ±12.1 

Strut  spacing  (pm) 

484.7  ±  24.4 

353.6  ±20.7 

403.0  ±18.9 

429.2  ±11.0 

-►p-TCMP  -*-SBM  -^BCP 


Days 

Fig.  4.  Controlled  release  kinetics  of  rhBMP-2  from  3-D  PPF  scaffolds  with  three 
different  calcium  phosphate  coatings.  A  burst  release  over  the  first  3  days  for  both 
p-TCMP  and  BCP  was  observed.  Flowever,  only  20%  of  the  rhBMP-2  was  released 
from  the  scaffolds  coated  with  SBM,  almost  all  of  it  in  an  immediate  burst  release. 


were  aligned  to  the  principal  axes  of  the  calvarial  defect.  The  sam¬ 
ples  were  then  thresholded  globally  using  the  Otsu  algorithm 
across  all  the  groups  in  the  study.  The  1 5  mm  defect  created  was 
then  located  to  define  the  region  of  interest  by  identifying  the 
space  occupied  by  the  scaffold  to  distinguish  defect  edges.  This 
region  was  3.5  mm  thick  and  its  thickness  was  centered  to  account 
for  the  native  curvature  of  the  calvarium.  3-D  volume  (bone  vol¬ 
ume  to  total  volume  ratio),  bone  mineral  density  and  morphomet¬ 
ric  analysis  was  carried  out  on  CT  images  using  CT  analyzer  v,  1,4 
as  previously  described  [33],  The  relative  distribution  of  trabecular 
thickness  was  calculated  as  the  fraction  of  trabeculae  at  each  tra¬ 
becular  thickness  (in  steps  of  40  pm).  Bone  mineral  density  of 
the  regenerated  bone  tissue  was  normalized  to  the  mineral  density 
of  the  native  calvarial  bone  to  evaluate  the  quality  and  maturity  of 
the  bone  tissue  regenerated.  In  order  to  determine  the  effect  of  the 
scaffold’s  porous  architecture  on  the  infiltration  of  new  bone 
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Fig.  5.  rhBMP-2  released  from  all  scaffolds  remained  biologically  active.  Biological 
activity  was  assessed  by  measurement  of  ALP  activity  of  MSCs  exposed  to  the 
released  BMP.  Cells  directly  treated  with  exogenous  BMP  used  as  control.  No 
significant  differences  were  found  between  groups. 


rhBMP-Z  activity  on  MSCs 


tissue,  depth  profiles  of  the  bone  area  filled  in  each  cross-section 
of  the  calvarial  defect  from  the  superior  to  the  inferior  (dural) 
interface  were  generated,  3-D  volume  models  of  the  regenerated 
bone  within  the  defect  were  generated  from  the  micro-CT  scans 
using  Mimics  for  qualitative  visualization  of  spatial  connectivity. 


2.8.  Histological  analysis 

All  samples  were  processed  and  analyzed  in  the  Biomaterials 
and  Characterization  Histomorphometry  Core  Laboratory  at  the 
Mayo  Clinic  using  undecalcified  processing.  Each  specimen  was 
dehydrated,  embedded  in  methaciylate  and  polymerized. 
Sections  5  pm  thick  were  cut  using  a  Leica  RM  2265  microtome 
and  stained  using  Gomori’s  Trichrome.  Complete  histology  slide 
images  were  acquired  at  20x  magnification  using  an  Eclipse  55i 
microscope,  DS-Eil  Camera  and  compiled  using  the  NIS  Elements 
Imaging  Software  BR  4,10,01  (all  from  Niklnstruments  Inc,, 
Melville,  NY)  and  analyzed  using  Photoshop  (v,  7.0,1,  Adobe 
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A  0  ng  50  ng  100  ^g 


Fig.  6.  (a)  Representative  3-D  renderings  of  micro-CT  images  of  in  vivo  defects 
showing  regenerated  mineralized  tissue  in  yellow  and  surrounding  native  calvarial 
bone  in  green,  (b)  Axial-cross  section  of  the  same  representative  scaffolds  from  each 
group  after  6  weeks  of  implantation  in  defects. 


Systems  Inc.,  San  Jose,  CA).  Using  Photoshop,  the  defect  area  and 
the  PPF  scaffold  were  defined  manually.  In  addition,  color  thresh¬ 
olding  (selecting  for  the  blue/teal  stain)  was  used  to  define  the 
mineralized  tissue  within  the  defect.  Pixel  quantification  was  used 
to  calculate  the  areas  of  the  defect,  PPF  scaffold  and  the  mineral¬ 
ized  tissue  separately.  The  percentage  available  space  mineralized 
was  calculated  as  the  ratio  of  the  mineralized  tissue  to  the  defect 
area  minus  the  scaffold  [mineralized  tissue/(defect  area  -  scaffold 
area)]. 

2.9.  Mechanical  push-out  testing 

Specimens  were  stored  in  buffered  formalin  solution  and  refri¬ 
gerated  until  testing  (6  samples  per  experimental  group  plus  6 
control  calvaria).  Specimens  were  allowed  to  equilibrate  to  room 
temperature  before  testing  was  conducted.  A  custom  fixture  which 
included  a  6.2  mm  flat  indenter  and  a  rigid  platform  with  an 
8.5  mm  hole  was  mounted  on  a  servohydraulic  test  machine 
(858  MiniBionix  II,  MTS  Systems,  Eden  Prairie,  MN)  instrumented 
with  a  1000  N  load  cell.  Calvaria  specimens  were  placed  on  the  fix¬ 
ture  platform,  resting  the  superior  face  of  the  calvarium  on  the 
platform  and  centering  the  circular  defect  of  the  dural  face  with 
the  indenter  axis.  Care  was  also  taken  to  align  the  face  of  the  defect 
to  be  parallel  to  the  indenter  face.  Under  displacement  control,  the 
indenter  was  forced  into  the  repair  zone  surface  at  a  rate  of 
5  mm  min^'  until  failure  and  continuing  until  a  total  displacement 


of  7.5  mm  was  reached.  MATLAB  (2013a,  MathWorks,  Natick,  MA) 
was  used  to  identify  the  peak  compressive  force  for  each  set  of 
data. 

2. 1 0.  Statistical  analysis 

All  data  are  represented  as  mean  ±  standard  error  of  the  mean. 
Significance  in  biological  activity  of  rhBMP-2  delivered  and  poros¬ 
ity  of  scaffolds  post-coating  was  determined  using  a  one-way 
ANOVA  (across  coating  type)  and  Tukey’s  test  for  post  hoc  evalua¬ 
tion  when  significance  was  found.  In  the  case  of  ex  vivo  measure¬ 
ment  of  micro-CT  parameters,  histological  morphometry  and 
push-out  strength,  a  two-way  ANOVA  (across  coating  type  and 
rhBMP-2  dose)  and  Tukey’s  test  for  post  hoc  evaluation  was 
employed.  Within  the  push-out  strength  data,  Grubbs’  test  was 
used  to  determine  outliers  within  each  group  by  the  extreme 
Studentized  deviate  method  at  a  two-tailed  significance  of 
P  <  0.05  and  one  sample  from  two  groups  was  ignored  as  an  outlier. 
Significance  level  was  set  atP  <  0.05  for  all  statistical  measures 
reported.  Statistical  analysis  was  carried  out  using  SigmaPlot  (v. 
11.0,  Systat  Software,  Inc.,  San  Jose,  CA). 

3.  Results 

3.1.  Scaffold  and  coating  characterization 

3-D  PPF  scaffolds  with  1000  pm  pore  size  and  500  pm  wall 
thicknesses  were  fahricated  via  a  stereolithography  technique 
using  UV  crosslinking  at  a  wavelength  of  355  nm.  The  SEM  images 
in  Fig.  1  show  that  PPF  surface  morphology  changed  after  coating 
with  calcium  phosphate.  The  scaffold  surfaces  appear  to  be  rougher 
in  comparison  to  PPF  without  coating  and  crystal-like  materials  are 
seen  on  the  surface  of  scaffolds.  The  most  significant  changes  due 
to  coating  are  observed  on  scaffolds  with  p-TCMP  coating.  The  fl- 
TCMP  coating  appears  to  be  thicker  and  some  chipping  and  flaking 
can  be  seen  on  the  surface  of  scaffolds  with  this  coating  material.  In 
addition,  the  SEM  images  at  higher  magnification  reveal  that  the 
scaffold  pore  sizes  are  slightly  smaller  than  1000  pm.  This  could 
be  due  to  thermal  effect  of  the  long-wavelength  UV  light 
(355  nm)  used  in  the  stereolithography  system  which  results  in 
overcuring  of  the  resin.  The  pore  sizes  remain  unchanged  after 
coating  with  different  calcium  phosphate  formulations.  Elemental 
analysis  using  EDAX  showed  strong  Ca  and  P  peaks  on  the  surface 
of  scaffolds  coated  with  SBM  and  p-TCMP,  while  these  peaks  were 
smaller  on  scaffolds  coated  with  BCP,  indicating  less  mineral  cover¬ 
age  on  this  group  of  scaffolds  (Fig.  2A).  Quantitative  analysis  of 
coatings  with  TGA  showed  a  weight  remaining  of  13%  >  9%  >  8.2% 
for  scaffolds  coated  with  p-TCMP,  SBM,  BCP,  respectively,  after 
thermal  degradation  at  700  “C  (Fig,  2B).  A  weight  remaining  of 
8.1  ±  1.0%  was  observed  for  uncoated  PPF. 

3.2.  Scaffold  micro-CT  evaluation 

3-D  reconstructions  of  all  scaffolds  showed  good  geometric  con¬ 
trol  over  scaffold  struts  and  an  even  pattern  of  pores  and  struts  in 
accordance  with  the  material  design  (Fig.  3).  Micro-CT  analysis 
showed  that  the  scaffold  porosity  ranged  between  60%  and  65% 
across  all  groups.  However,  no  significant  difference  was  observed 
between  scaffolds  in  terms  of  scaffold  volume  ratio  (SV/TV, 
P  =  0.224)  and  strut  thickness  (St.  Th.,  P  =  0.115).  In  terms  of  strut 
spacing  (St.  Sp.),  it  was  observed  that  the  p-TCMP  group 
(354  pm)  had  significantly  smaller  spacing  (P=  0.004)  than  the 
uncoated  scaffold  (485  pm)  (Table  1 ).  The  micro-CT  analysis  was 
able  to  detect  an  evident  coating  in  only  the  p-TCMP  group,  as 
shown  in  Fig.  3  by  the  bright  pattern  (calcium  phosphate  being 
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Fig.  7.  Graphical  representation  of  bone  area  filled  per  defect  cross-section  along  the  depth  of  the  defect  within  each  scaffold  type  (a-c)  at  each  rhBMP-2  dose  (d-f).  Without 
rhBMP-2,  the  three  groups  demonstrate  a  bone-healing  response  biased  towards  the  superior  side  of  the  defect.  At  the  high  1 00  pg  rhBMP-2  dose,  a  clear  bias  towards  greater 
bone  regeneration  on  the  inferior  side  (dural  side)  of  the  scaffolds  was  observed. 


denser  than  the  polymeric  scaffold)  distributed  across  the  scaffold 
cross-section. 


3.3.  rhBMP-2  loading,  release  kinetics  and  biological  activity  in  vitro 

Fifty  pg  rhBMP-2  was  loaded  onto  PPF  scaffolds  using  bovine 
collagen  solution  (3  mg  ml“’).  The  controlled  release  kinetics  was 
determined  by  incubating  the  loaded  PPF  scaffolds  in  PBS  at 
37  “C  for  42  days.  The  media  was  collected  at  different  time  periods 
and  BMP  release  was  measured  using  an  ELISA  kit.  The  data,  which 
appear  in  Fig.  4,  show  a  burst  release  over  the  first  3  days  for  both 
the  magnesium-substituted  TCP  (p-TCMP)  and  the  TCP/FIA  blend 
(biphasic  calcium  phosphate,  BCP).  However,  only  20%  of  the 
BMP  was  released  from  the  scaffolds  that  were  coated  with  SBM 
(carbonate  hydroxyapatite).  Moreover,  measurements  of  the  ALP 
activity  of  MSCs  revealed  that  rhBMP-2  released  from  all  scaffolds 
remained  biologically  active.  The  released  rhBMP-2  biological 
activity  was  similar  to  the  biological  activity  of  MSCs  exposed  to 
exogenous  rhBMP2  (control)  (Fig.  5). 


3.4.  Ex  vivo  micro-CT  evaluation 

Micro-CT  analysis  revealed  that  bone  regeneration  occurred 
throughout  the  scaffolds.  The  regenerated  bone  originated  both 
from  the  native  bone  at  the  defect  margins  as  well  as  at  locations 
completely  interior  to  the  scaffold  (Fig.  6A).  The  coverage  of  the 
defect  within  the  3-D  reconstructions  showed  a  trend  of  increasing 
bone  formation  with  rhBMP-2  dose  delivered  (P<  0.001  as  a  main 
effect).  Additionally,  from  the  micro-CT  cross-sectional  images, 
bone  was  observed  to  regenerate  in  an  organized  pattern  that 
was  similar  to  the  pore  space  of  the  PPF  scaffolds  (negative  tem¬ 
plate)  with  bridging  observed  within  the  channels  connecting 
pores  (Fig.  6B).  This  observation  was  also  supported  by  the  multi¬ 
ple  peaks/fronts  observed  in  the  bone  area  distribution  along  the 
depth  of  the  scaffolds  from  the  superior  to  the  dural  side  of  the 
defect.  This  effect  is  seen  most  distinctly  in  the  SBM  coating  group, 
where  three  distinct  peaks  are  observed  mm  apart,  which 
matches  the  spacing  between  pores/struts  on  the  PPF  scaffolds 
(Fig.  7).  Without  rhBMP-2,  all  three  scaffold  groups  showed  bone 
regeneration  biased  towards  the  superior  aspect  of  the  scaffold. 
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Fig.  8.  (A)  Total  regenerated  bone  volume  in  specimens,  expressed  as  a  percentage 
of  bone  volume  removed  to  create  the  defect.  BCP  was  significantly  lower  than 
other  materials  across  all  doses  (indicated  by  *P<0.02).  The  100  pg  dose 
regenerated  significantly  greater  bone  than  no  rhBMP-2  (indicated  by  **P<0.01) 
in  the  SBM  group.  Across  groups,  the  100  pg  dose  regenerated  significantly  greater 
amounts  of  bone  than  both  other  rhBMP-2  doses  (P  =  0.05).  (B)  Relative  distribution 
of  trabecular  thickness  of  regenerated  bone  trabeculae  at  each  rhBMP-2  dose  for 
each  different  coating. 


most  clearly  observed  in  the  p-TCMP-coated  scaffolds.  The  dis¬ 
tribution  of  regenerated  bone  was  relatively  uniform  across  scaf¬ 
fold  depth  at  the  50  pg  rhBMP-2  dose,  while  at  the  100  pg  dose, 
a  clear  bias  in  bone  regeneration  was  observed  towards  the  dural 
aspect  of  the  defect.  This  phenomenon  was  most  clearly  observed 
In  the  p-TCMP-  and  SBM-coated  scaffolds  (Fig.  7). 

For  quantitative  analysis  from  micro-CT  reconstructions,  the 
bone  volume  regenerated  in  each  defect  at  6  weeks  was  normal¬ 
ized  to  the  total  bone  volume  removed  during  defect  creation  at 
surgery.  From  this  analysis,  it  was  observed  that  the  100  pg 
rhBMP-2  dose  regenerated  significantly  greater  bone  than  the  no 
rhBMP-2  dose  (P  <  0.001 )  as  well  as  the  50  pg  rhBMP-2  dose  across 
all  groups  (P  =  0.049).  Additionally,  the  pTCMP-  and  SBM-coated 
groups  both  performed  significantly  better  than  the  BCP  group  at 
bone  regeneration  across  all  rhBMP-2  doses  (P  =  0.016)  (Fig.  8A). 


In  terms  of  bone  mineral  density,  it  was  observed  that  the  regener¬ 
ated  bone  mineral  density  was  significantly  higher  when  no 
rhBMP-2  was  delivered  (118  ±  1%  that  of  native  calvarial  density) 
compared  to  when  50  pg  (112  ±1%)  and  100  pg  (114  ±1%) 
rhBMP-2  doses  were  delivered  across  all  coatings  (P  =  0.041 ). 
Comparing  the  scaffolds  without  rhBMP-2,  it  was  observed  that 
the  bone  mineral  density  was  significantly  higher  (P  =  0.004)  with 
the  p-TCMP  coating  (123  ±2%)  compared  to  the  BCP  coating 
(113  ±  2%).  Trabecular  thickness  distributions  indicated  that  with¬ 
out  rh-BMP2  delivery,  the  p-TCMP  coating  showed  a  few  large  tra¬ 
beculae.  With  50  and  100  pg  rhBMP-2,  an  increase  in  the  relative 
number  of  trabeculae  was  observed  in  the  40-200  pm  range  for 
both  the  p-TCMP-  and  SBM-coated  scaffolds  (Fig.  8B).  It  was  also 
observed  that  the  trabecular  distribution  of  all  three  coatings  at 
the  100  pg  rhBMP-2  dose  was  very  similar.  Unlike  the  p-TCMP- 
and  SBM-coated  groups,  there  was  no  change  in  the  relative  dis¬ 
tribution  of  trabecular  thickness  with  rhBMP-2  dose  within  the 
BCP-coated  group  (Fig.  8B). 

3.5.  Ex  vivo  histological  evaluation 

Normal  cellular  infiltration  and  bone  healing  was  observed 
across  all  scaffold  treatment  groups  and  no  signs  of  persistent 
inflammatory  response  were  observed  (Fig.  9).  In  addition,  bone 
regeneration  was  observed  in  direct  contact  with  the  scaffold  sur¬ 
face,  with  visible  osteoblasts  and  blood  vessel  Infiltration  (Fig.  9B). 
A  dose  response  of  bone  regenerated  to  rhBMP-2  delivery  was 
observed  in  the  defects  treated  with  the  pTCMP  and  BCP  scaffolds. 
Within  the  single  central  histological  cross-section,  morphometric 
analysis  indicated  that  the  SBM  scaffolds  loaded  with  rhBMP-2  (50 
and  100  pg)  regenerated  significantly  greater  bone  within  the 
available  pore  space  than  the  scaffolds  without  rhBMP-2 
(P<  0.001).  Additionally,  a  group  effect  was  noted,  with  SBM  scaf¬ 
folds  regenerating  significantly  greater  bone  within  the  open  pore 
space  than  the  p-TCMP-  and  BCP-coated  scaffolds  for  all  rhBMP-2 
doses  (Fig.  lOA,  P=  0.031).  No  significant  differences  in  scaffold 
area  were  observed  across  the  three  different  coatings  and  the  dif¬ 
ferent  rhBMP-2  doses  (Fig.  lOB,  P  =  0.678).  As  anticipated,  similar 
trends  of  bone  area  regenerated  relative  to  total  tissue  area 
(Fig.  lOB)  were  observed  between  experimental  groups  as  in  the 
case  of  bone  area  relative  to  open  pore  area  (Fig.  lOA)  within  the 
histological  section. 

3.6.  Ex  vivo  push-out  strength 

Functional  testing  of  the  regenerated  bone  strength  was  carried 
out  by  push-out  testing.  It  was  observed  that  the  p-TCMP-coated 
group  showed  significantly  greater  (P=  0.038)  push-out  strength 
than  the  SBM-coated  group  across  the  different  rhBMP-2  doses 
(Fig.  11).  The  push-out  strength  of  the  coatings  with  the  100  pg 
rhBMP-2  dose  was  significantly  higher  than  that  of  the  groups  with 
the  0  and  50  pg  rhBMP-2  doses  (P  =  0.027)  across  all  three  coating 
materials.  No  difference  was  found  within  the  BCP-coated  scaffolds 
with  different  rhBMP-2  doses  (82±6N,  P  =  0.828).  The  p-TCMP 
coating  with  the  100  pg  rhBMP-2  dose  was  the  strongest  group 
tested  (132  ±  ION)  and  was  significantly  stronger  than  the  p- 
TCMP-coated  scaffolds  with  0  and  50  pg  rhBMP-2  doses 
(P  =  0.019).  By  comparison,  the  strength  of  the  native  intact  calvar¬ 
ial  controls  was  found  to  be  340  ±  52  N. 

4.  Discussion 

Calcium  phosphate  coatings  to  improve  bioactivity  of  implants 
that  are  in  contact  with  bone  [13-18]  as  well  as  to  Improve  osteo- 
conductivity  of  scaffolds  for  bone  regeneration  [11,34-38]  have 
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Fig.  9.  (A)  Histology  of  scaffolds  with  three  different  calcium  phosphate  coatings  and  0,  50  or  1 00  pg  rhBMP-2  loadings.  In  these  images  the  purple  stain  represents  osteoid 
and  green  stain  indicates  new  bone  formation  (Gomori's  Trichrome).  (B)  Representative  histological  image  from  a  p-TCMP  scaffold  with  100  pg  rhBMP-2  showing  magnified 
insets  at  either  interface  and  in  the  center  of  the  defect.  Labels  indicate:  scaffold  (S),  new  bone  (NB),  blood  vessel  (BV)  and  osteoblasts  (OB).  Color  codes  (black,  red  and  yellow) 
are  used  to  indicate  the  correlation  of  the  histogram  region  with  the  magnified  image. 


been  widely  investigated.  However,  extensive  in  vivo  studies  com¬ 
paring  the  relative  efficacy  of  different  calcium  phosphate  coatings 
for  bone  regeneration  both  with  and  without  the  delivery  of 
growth  factors  are  relatively  scarce  [39,40].  In  the  current  study, 
we  used  porous  PPF  scaffolds  manufactured  via  SFF  to  compare 
three  different  bioactive  calcium  phosphate  coatings,  p-TCMP, 
SBM  and  BCP,  in  terms  of  their  bone  regenerative  capacity 
in  vivo  both  with  and  without  different  doses  of  rhBMP-2.  PPF  is 
a  promising  polymer  for  bone  tissue  engineering  because  its 
mechanical  and  degradation  properties  can  be  tailored  for  specific 
applications.  It  has  also  been  shown  to  be  bone  biocompatible  in 
different  rats  and  rabbits  [41,42].  Multiple  factors  affect  the 
regeneration  of  bone  observed  in  the  scaffolds  at  6  weeks  including 
the  bioactivity  of  the  coatings  and  the  influence  of  the  rhBMP-2. 

Past  studies  have  noted  that  given  the  strong  affinity  of  rhBMP- 
2  to  bind  strongly  to  calcium  phosphate  coatings,  ~10%  [11,43]  to 
50%  [44]  of  the  delivered  rhBMP-2  dose  might  remain  surface 
bound  on  the  coating  and  that  the  phase  composition  and  surface 
structure  of  the  calcium  phosphate  determine  the  extent  of  rhBMP- 
2  binding  [45[.  The  role  played  by  this  surface-bound  rhBMP-2  has 
not  been  clearly  identified  [43],  though  it  has  been  suggested  that 
it  influences  apatite  formation  and  bone  regeneration  at  the  micro¬ 
scale  [46[.  The  difference  between  the  release  kinetics  of  rhBMP-2 
in  our  study  could  be  due  to  difference  in  coating  chemical  com¬ 
position.  It  was  observed  that  the  SBM-coated  scaffolds  only 
released  20%  of  the  rhBMP-2  loaded  while  the  p-TCMP-  and  BCP- 
coated  groups  showed  significantly  greater  release  (Fig.  4).  The 
interaction  between  protein  molecules  and  the  hydroxyapatite 
crystals  is  an  important  research  topic.  However,  the  nature  of 
their  non-covalent  bonding  is  still  not  clear  at  the  atomic  level.  A 
previous  study  has  shown  that  both  the  phase  composition  and 
calcium  phosphate  microstructure  affect  binding  capacity  for 
bone-related  proteins  such  as  BMP-2  and  thus  lead  to  the  differ¬ 
ence  in  their  osteoinduction  and  release  profile  [45  [.  Three  types 
of  adsorption  functional  groups,  -OH,  -NH2  and  -COO  ,  are 
required  for  protein  BMP-2  to  interact  with  HA  surface,  while  most 


experiments  with  other  proteins  have  find  only  one  of  these,  i.e. 
the  -COO“  group.  As  mentioned  above,  SBM  coating  consists  of  a 
calcium  carbonate  apatite  (similar  to  bone  apatite)  matrix 
incorporating  Mg^*  and  Zn^*  and  F“  ions  [47],  Therefore,  the  slower 
BMP-2  release  could  be  due  to  strong  bonding  between  BMP-2 
functional  groups  and  positively  charged  ions  on  the  SBM  [48], 
Over  the  duration  of  the  in  vivo  model  in  the  current  study 
(6  weeks),  the  SBM  group  did  not  show  significant  differences  from 
the  other  two  groups,  indicating  that  the  additional  rhBMP-2  might 
not  have  been  released  over  this  duration.  Future  studies  using 
slow  release  or  strongly  binding  calcium  phosphates  should  con¬ 
sider  the  long-term  effects  of  its  release  and  the  biological  activity 
of  the  bound  rhBMP-2.  From  the  micro-CT  results,  it  was  observed 
that  the  SBM-coated  scaffolds  loaded  with  rhBMP-2  (either  50  or 
100  pg)  regenerated  significantly  greater  bone  volume  (BV/TV) 
than  BCP-coated  scaffolds  loaded  with  rhBMP-2.  This  observation 
is  in  line  with  previous  reports  of  surface-based  regeneration  of 
bone  [46]  and  suggests  that  the  potential  role  of  bound  rhBMP-2 
to  calcium  phosphate  coatings  bears  further  investigation  to 
enhance  scaffold  osteoinductivity,  especially  since  it  has  been 
reported  that  the  local  concentration  of  calcium  ions  increases  this 
affinity  while  phosphate  ions  inhibit  it  [48,49]. 

The  coatings  were  extensively  characterized  prior  to  implanta¬ 
tion  to  understand  the  differences  between  materials,  and  regener¬ 
ated  bone  quality,  quantity  and  functionality  were  assessed  ex  vivo 
to  identify  potential  correlations  regarding  the  relative  efficacy  of 
each  coating  technique.  From  micro-CT  analysis  of  the  coated  scaf¬ 
folds,  no  differences  were  observed  between  the  different  coating 
techniques  in  terms  of  overall  scaffold  porosity  or  architecture  as 
measured  by  strut  thickness  and  separation.  SEM  images  qual¬ 
itatively  indicate  differences  in  the  surface  roughness  of  the  coat¬ 
ings,  and  surface  topography  has  been  extensively  studied  for  its 
effects  on  osteogenic  cells  with  rougher  surfaces  causing  increased 
cellular  activity,  differentiation  and  matrix  production  [50[.  The 
BCP-coated  scaffolds  which  had  the  least  surface  roughness  after 
coating  were  observed  to  regenerate  significantly  less  bone  after 
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Fig.  10.  (A)  Total  regenerated  bone  area  in  specimens,  expressed  as  a  percentage  of 
bone  area  removed  to  create  the  defect.  Data  are  presented  as  the  average  ±  SEM. 
The  SBM  group  regenerated  significantly  greater  amounts  bone  for  all  rhBMP-2 
doses  (indicated  by  "P  <  0.05)  though  the  0  pg  dose  was  significantly  lower  than  the 
other  two  rhBMP-2  doses  within  the  SBM  group  (indicated  by  *P<  0.001).  The 
1 00  pg  dose  regenerated  greater  bone  than  the  0  pg  dose  within  the  p-TCMP 
scaffolds  (**P<0.01).  (B)  Regenerated  bone  area  and  residual  scaffold  area  in 
specimens,  expressed  as  a  percentage  of  bone  area  removed  to  create  the  defect.  No 
significant  difference  in  scaffold  area  was  observed  between  groups  across  different 
rhBMP-2  doses.  Significant  differences  in  bone  area  regenerated  are  indicated  by 
*P<0.05.  The  bone  area  filled  within  the  SBM  group  was  significantly  higher  than 
the  BCP  group  for  all  the  rhBMP-2  doses  (P<0.05),  while  both  rhBMP-2  doses 
regenerated  significantly  higher  bone  than  the  no  rhBMP-2  control  for  all  scaffold 
types  (P  <  0.001 ). 

6  weeks  implantation  compared  to  the  other  two  groups,  but  given 
the  number  of  confounding  variables  between  the  nine  groups  in 
the  study,  it  is  difficult  to  show  direct  causality.  This  could  be 
due  to  incorporation  of  Mg  and  Zn  in  |3-TCMP  and  SBM  as  shown 
by  elemental  analysis  and  a  low  mineral  content  on  BCP  scaffolds 
[18,26].  It  has  been  shown  that  some  trace  minerals  are  important 
in  maintaining  bone  quality  due  to  their  role  in  the  synthesis  of 
collagen  and  other  bone  proteins.  For  example,  Zn  regulates  secre¬ 
tion  of  calcitonin  from  the  thyroid  gland,  influences  bone  turnover 
and  causes  a  reduction  in  osteoclastic  activity,  collagen  synthesis 
and  ALP  activity  as  well  as  stimulating  bone  formation  [51], 

Tbe  considerable  bone  regeneration  observed  within  all  scaf¬ 
folds  with  no  rhBMP-2  delivery  in  a  critical-sized  defect  at  6  weeks 
indicates  that  all  three  calcium  phosphate  coatings  were  osteocon- 
ductive.  This  is  further  supported  by  the  histological  observations 
of  bone  growing  immediately  adjacent  to  the  scaffold  surface  with 
no  intervening  fibrous  tissue  observed  and  no  signs  of  sustained 
inflammatory  response  after  6  weeks.  These  results  seem  to  indi¬ 
cate  that  the  scaffold  coatings  enhance  osseointegration  and  mini¬ 
mize  potential  inflammatory  response  to  scaffold  degradation  and 
polymer  breakdown  as  compared  to  bare  polymeric  scaffolds  [42]. 
Additionally,  the  controlled  architecture  and  large  size  of  the  pores 
seems  to  significantly  enhance  the  degree  of  bone  infiltration 


Fig.  11.  Push-out  strength  of  the  calvarial  regenerated  bone.  Data  are  presented  as 
average  ±  SEM,  and  significant  differences  indicated  by  *P<0.05.  Additionally,  at 
the  1 00  pg  dose  of  rhBMP-2,  the  p-TCMP  scaffolds  had  the  highest  push-out 
strength,  significantly  higher  than  the  SBM  and  BCP  scaffolds  (P<0.05).  No 
significant  difference  was  observed  in  push-out  strength  of  BCP  scaffolds  with  or 
without  rhBMP-2. 


compared  to  previous  studies  (<3%  bone  infiltration)  on  PPF  scaf¬ 
folds  with  a  more  random  pore  organization  [41  [. 

Analysis  of  trabecular  thickness  also  indicated  that  the  delivery 
of  50  and  100  pg  of  rhBMP-2  did  not  significantly  change  the  rela¬ 
tive  distribution  of  trabeculae  regenerated  witbin  the  defect  in  the 
BCP-coated  scaffolds.  This  also  indicates  that  with  an  appropriate 
calcium  phosphate  coating  the  osteoinductive  effect  of  rhBMP-2 
can  be  enhanced.  Therefore,  lower  doses  of  rhBMP-2  were  required 
in  this  study  compared  to  those  recommended  (260  pg  for  a 
15  mm  rabbit  calvaria)  in  our  previous  work  [52],  The  spatial  pro¬ 
files  of  bone  regeneration  indicated  that  the  SBM  scaffold  best 
directed  bone  regeneration  into  the  scaffold  pores  as  indicated  by 
three  distinct  fronts  aligned  with  the  pores  of  the  SFF  printed  scaf¬ 
fold  (Fig.  7).  It  is  also  interesting  to  note  that  the  scaffolds  without 
rhBMP-2  seemed  to  have  a  superior  bias  to  bone  regeneration 
while  the  scaffolds  with  the  100  pg  rhBMP-2  dose  seemed  to 
demonstrate  an  inferior  (dural)  bias  to  bone  regeneration.  This 
trend  could  be  attributed  either  to  which  stabilizing  callus  formed 
first  or  to  the  source  of  the  osteogenic  cells  that  regenerated  the 
defect. 

Unlike  a  load-bearing  critical-sized  defect  model  in  which  bone 
healing  is  influenced  by  mechanical  load,  in  a  calvarial  defect 
model  the  ability  of  composite  scaffolds  and  growth  factor  is  inves¬ 
tigated  solely  in  terms  of  bone  healing  and  integration  [53].  Thus, 
the  push-out  test  provides  the  most  functional  evaluation  of  the 
integration  of  the  scaffold  with  the  native  calvaria  [54],  The 
push-out  force  for  native  calvarial  bone  was  significantly  higher 
(340  N)  than  the  best  performing  group  in  tbe  study  (p-TCMP  with 
100  pg  BMP2,  132  N)  after  6  weeks  of  implantation.  Other  com¬ 
parable  studies  in  the  rabbit  calvarial  model  evaluated  the  push- 
out  strength  after  a  minimum  of  12  weeks’  implantation  [55,56] 
and  additionally  tested  1 5  mm  bilateral  defects  in  the  calvarium. 
It  is  possible  that  the  significantly  higher  native  bone  strength  in 
our  study  compared  to  previous  studies  (180  N  [55,56])  is  due  to 
testing  across  the  sagittal  suture  as  opposed  to  within  the  thin 
shell  of  the  parietal  bone.  No  difference  in  push-out  strength  was 
observed  within  the  different  rhBMP-2  doses  in  the  BCP-coated 
scaffolds,  while  the  p-TCMP  group  had  significantly  higher  push- 
out  strength  at  the  100  pg  rhBMP-2  dose  than  the  BCP  group. 
Changes  in  bone  volume  and  strength  over  time  were  not  consid¬ 
ered  in  this  study  as  it  was  anticipated  that  the  differences 
between  coatings  would  be  most  prominent  at  an  early  time  point. 
Future  studies  should  consider  the  effect  of  scaffold  degradation 
paired  with  increased  regeneration  on  the  overall  restoration  of 
strength  and  increase  in  area  coverage  of  the  defect  [57]. 
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5.  Conclusions 

In  this  work,  we  demonstrated  that  3-D  PPF  scaffolds  in 
combination  with  calcium  phosphate  coating  can  perform  as  a 
platform  for  bone  regeneration  in  a  calvarial  defect.  Among  the 
three  coatings  studied,  p-TCMP  and  SBM  in  combination  with 
rhBMP-2  improved  osteoconductivity  and  osteointegration  of  por¬ 
ous  PPF  at  lower  than  recommended  rhBMP-2  doses.  The  BCP  coat¬ 
ing  did  not  offer  any  particular  advantage  in  terms  of  the  quantity, 
quality  or  function  of  regenerated  bone  in  the  rabbit  calvaria. 
Therefore,  our  findings  in  this  study  suggest  the  added  benefit  of 
using  enhanced  calcium  phosphate  coated  PPF  scaffolds  for  use 
in  the  treatment  of  bone  defects. 
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Appendix  A.  Figures  with  essential  color  discrimination 

Certain  figures  in  this  article,  particularly  Figs.  2,  6  and  8-10,  are 
difficult  to  interpret  in  black  and  white.  The  full  color  images  can 
be  found  in  the  on-line  version,  at  http://dx.doi.org/10.1016/j.act- 
bio.2014.1 2.024. 
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